The roof-leased business mode is an important development method for the distributed photovoltaic (PV) systems. In this paper, the benefits of the PV energy are considered in a PV cluster (PVC) consisting of a certain number of prosumers and a PVC operator (PVCO). In order to distribute the benefits, a multi-party energy management method for the PVC is proposed, including an internal pricing model and a demand response (DR) model. First, the dynamic internal pricing model for the trading between PVCO and prosumers is formulated according to the economic principle of demand and supply relation. Moreover, in order to improve the local consumption of PV energy, the DR model is formulated as a non-cooperative game among the prosumers. Meanwhile, the existence and uniqueness of the Nash Equilibrium (NE) are proved, and a distributed solving algorithm is introduced to approach the NE solution. Finally, the PVC including four prosumers is selected as the study object, the results have shown that the internal pricing model and DR model can improve the benefit of both prosumers and PVCO, as well as the local consumption of PV energy.
Introduction
With the development of distributed photovoltaic (PV) systems, PV prosumers (i.e., commercial buildings, residential houses, factories, etc.) have developed widely. Gradually, the concept of the PV cluster (PVC) has also emerged, which consists of a number of neighboring prosumers that are connected to the same microgrid or distribution grid [1, 2] . In the PVC, the prosumers with different load profiles can share the produced PV energy and reduce the power fed to the utility grid [3] . In order to facilitate the energy sharing, an internal price is required for billing between the PVCO and prosumers [4, 5] . Moreover, if the prosumers have flexible load resources, the dynamic internal pricing can be utilized as a demand response (DR) tool that regulates their power consumption behaviors to enhance the local consumption of PV energy [6, 7] . As each prosumer is an independent and autonomous entity, the multi-party energy management of the PVC is an important component for realizing the optimal operation.
Until recently, there have been numerous studies focused on the related problems. Generally, these studies can be divided into two categories. The first category of methods are those that set the internal pricing based on the marginal cost of the distributed generator. In order to optimally manage the microgrid resources on both the generation and demand side, [7] presents a stochastic resource planning strategy to improve the operation efficiency based on an internal pricing strategy. Considering 
Economic Model of the PVC

Dynamic Internal Pricing Model
According to the feed-in-tariff energy policy used in many countries, the feed-in price of PV energy is much lower than the electricity price of the utility grid [17, 18] . Therefore, an internal pricing mechanism needs to be developed to support the inner electricity trading of the PVC, and be beneficial for both PVCO and prosumers. Hence, the internal selling price should be higher than the feed-in price of PV energy, and internal buying price of prosumers should be lower than the utility electricity price.
Trading prices and relationships of PVCO-utility grid and PVCO-prosumers are shown in Figure 2 . PVC needs to be balanced by the utility grid with buying price λ and selling price λ . Meanwhile, all the prosumers would agree to pay the consumed electricity with the internal buying price .
Power consumptions of N prosumers can be expressed as:
where is the power consumption of prosumer n. We denote the predicted PV energy of the PVC is , the net energy charge (NEC) [10] between PVC and utility grid can be expressed as: As a coordinator, the PVCO is obligated to decide the real-time internal prices based on the supply and demand conditions of the PVC. In order to facilitate the management, the energy management system (EMS) of PVC has two tasks: (1) it forecasts the PV energy of PVC, and distributes the forecasted value to all the prosumers; (2) collects the scheduled energy consumption of prosumers, and distributes other prosumers' total energy consumption to each prosumer.
Economic Model of the PVC
Dynamic Internal Pricing Model
Trading prices and relationships of PVCO-utility grid and PVCO-prosumers are shown in Figure 2 . PVC needs to be balanced by the utility grid with buying price λ buy and selling price λ sell . Meanwhile, all the prosumers would agree to pay the consumed electricity with the internal buying price pr.
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where positive NEC means the energy buying cost that PVC pays to the utility grid, and negative NEC means the energy selling profit that PVC received from the utility grid.
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where positive NEC means the energy buying cost that PVC pays to the utility grid, and negative NEC means the energy selling profit that PVC received from the utility grid. According to the economic principle, the price of the goods is determined by the supply and demand [19] . For the PVC, the power from the utility grid can be seen as infinite, but the limited PV power sold by PVCO can be seen as a scarce commodity with a lower price. In this regard, demand and supply ratio (DSR) is defined as:
To encourage the prosumers to utilize the PV energy, a pricing model is needed. Before designing the dynamic pricing model, we must consider three basic principles: (i) the internal prices should be bounded between the feed-in tariff and the electricity price of the utility grid; (ii) PV power should be utilized in the PVC as much as possible, and the dynamic pricing model can be used to encourage the consumption when the PV power is at a surplus; (iii) economic balance should always be guaranteed by the PVCO. Following these principles, we have added the detailed modeling of internal prices given in Appendix. Thus, the internal buying price of prosumers can be formulated as:
where α is the adjustment parameter of the price level, 0 < α ≤ 1. According to the internal buying price, DSR at any time period can be obtained by Equation (3) . If the PV power is very insufficient or even close to zero, the internal price = , as the → +∞. If the load of prosumers is very small and PV power is at a surplus, internal price = , as the → 0. As a result, the internal buying price could ensure prosumers get power supply at a price lower than , which accordingly saves them money. As the PV energy could be sold to prosumers by PVCO, in combination of NEC and internal buying price , the internal selling price of PV energy can be obtained as: According to the economic principle, the price of the goods is determined by the supply and demand [19] . For the PVC, the power from the utility grid can be seen as infinite, but the limited PV power sold by PVCO can be seen as a scarce commodity with a lower price. In this regard, demand and supply ratio (DSR) is defined as:
where α is the adjustment parameter of the price level, 0 ă α ď 1.
According to the internal buying price, DSR at any time period can be obtained by Equation (3) . If the PV power is very insufficient or even close to zero, the internal price pr " λ buy , as the DSR Ñ`8 . If the load of prosumers is very small and PV power is at a surplus, internal price pr " λ sell , as the DSR Ñ 0 . As a result, the internal buying price could ensure prosumers get power supply at a price lower than λ buy , which accordingly saves them money.
As the PV energy could be sold to prosumers by PVCO, in combination of NEC and internal buying price pr, the internal selling price of PV energy pr PV can be obtained as:
According to Equations (4) and (5), relations between internal prices and DSR are shown in Figure 3 . When 0 ď DSR ď 1, it means that the PV energy is more than the load demand. If we assume that the PV energy is constant, the DSR will increase with the load demand of prosumers. That is, the surplus PV energy fed to the utility grid reduces with the increasing DSR. Therefore, the internal buying price and internal selling price are both increasing with the DSR. When DSR > 1, it means that the PV energy is less than the load consumption. The shortage of PV energy increases with the increased DSR and it needs to be bought from the utility grid at price λ buy . According to the price design principles, even if the internal buying price increases with the DSR, it shouldn't be higher than the electricity price of the utility grid. Thus, in order to ensure the economic balance of PVC, the internal selling price pr PV has to be decreased with the DSR.
Energies 2016, 9, 536 5 of 16
According to Equations (4) and (5), relations between internal prices and DSR are shown in Figure 3 . When 0 ≤ DSR ≤ 1, it means that the PV energy is more than the load demand. If we assume that the PV energy is constant, the DSR will increase with the load demand of prosumers. That is, the surplus PV energy fed to the utility grid reduces with the increasing DSR. Therefore, the internal buying price and internal selling price are both increasing with the DSR. When DSR > 1, it means that the PV energy is less than the load consumption. The shortage of PV energy increases with the increased DSR and it needs to be bought from the utility grid at price . According to the price design principles, even if the internal buying price increases with the DSR, it shouldn't be higher than the electricity price of the utility grid. Thus, in order to ensure the economic balance of PVC, the internal selling price has to be decreased with the DSR. Meanwhile, internal prices show different characteristics with the increase of α. In Figure 3 , the internal prices are lower with a bigger value of α, which is more beneficial to prosumers, whereas the internal prices are higher with a smaller value of α, which is more beneficial to the PVCO. In the practical applications, PVCO can consider the cost of investment and negotiate with prosumers to set a value for α, which should be acceptable to both sides. 
Prosumer's Utility Model
It is proposed in [13] that the integral utility achieved by each prosumer consists of the utility and cost of the power consumption. Generally, the PVCO should be the operator that buys energy from and sells energy to the prosumers. In this paper, we are focusing on a special case that the roofs of prosumers have been rented to PVCO for installing PV panels, and thus the produced PV energy belongs to the PVCO. Thus, the prosumers can only act as buyers, and its integral utility function can be formulated as:
where is the integral utility of prosumer n; is the preference parameter of prosumer n, which changes with its behavioral characteristics; is the power consumption of prosumer n and can be adjusted. We assume that the adjustability of results from flexible loads or even battery energy storage systems.
The integral utility of the prosumer increases with the power consumption, whereas the cost of power consumption is also increased. Thus, in order to maximize the integral utility, the prosumer needs to balance between power consumption and cost, and then decides . It is easy to prove the
,a=0.5 ,a=0.5 Meanwhile, internal prices show different characteristics with the increase of α. In Figure 3 , the internal prices are lower with a bigger value of α, which is more beneficial to prosumers, whereas the internal prices are higher with a smaller value of α, which is more beneficial to the PVCO. In the practical applications, PVCO can consider the cost of investment and negotiate with prosumers to set a value for α, which should be acceptable to both sides.
It is proposed in [13] that the integral utility achieved by each prosumer consists of the utility and cost of the power consumption. Generally, the PVCO should be the operator that buys energy from and sells energy to the prosumers. In this paper, we are focusing on a special case that the roofs of prosumers have been rented to PVCO for installing PV panels, and thus the produced PV energy Energies 2016, 9, 536 6 of 17 belongs to the PVCO. Thus, the prosumers can only act as buyers, and its integral utility function can be formulated as:
where U n is the integral utility of prosumer n; k n is the preference parameter of prosumer n, which changes with its behavioral characteristics; x n is the power consumption of prosumer n and can be adjusted. We assume that the adjustability of x n results from flexible loads or even battery energy storage systems. The integral utility of the prosumer increases with the power consumption, whereas the cost of power consumption is also increased. Thus, in order to maximize the integral utility, the prosumer needs to balance between power consumption and cost, and then decides x n . It is easy to prove the maximum value of U n is the extreme point of (6) . With a given internal price pr, the maximal utility of the prosumer can be obtained by:
As shown in Figure 4 , the integral utility of prosumer is a convex function of power consumption. Moreover, the higher the internal price, the lower the maximal utility of the prosumer with the reduced power consumption.
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As shown in Figure 4 , the integral utility of prosumer is a convex function of power consumption. Moreover, the higher the internal price, the lower the maximal utility of the prosumer with the reduced power consumption. 
PVC Demand Response Model
DR Model Based on a Non-Cooperative Game
The interaction among rational, mutually aware players, where the decisions of some players impact the payoffs of others, is defined as a non-cooperative game. A game, usually denoted by G, is described by its game player, each player's strategies, and the resulting payoffs from each outcome. For example, there are N game players, the set including all the optional strategies of every game player is called strategy spaces, expressed by { , … , }. nj ∈ means the j-th strategy of game player n. n represents the utility of player n. Non-cooperative game G of N players is expressed as G = { , , … , ; 1 , 2 , … , }.
The problem of DR in the PVC is essentially a non-cooperative game for prosumers in pursuit of self-utility maximization. Because the internal buying price given by Equation (4) is a function of the total PVC loads, the utility of every prosumer is related with other prosumers' power consumption. For example, when DSR is small at one point, the internal buying price is relatively low. Prosumers tend to consume more power in order to promote their utilities. DSR and power cost of this moment both increase because of this power consumption behavior, so every prosumer needs to play the game with others' power consumption arrangement, and searches for the best power consumption. The non-cooperative game of this PVC can be expressed as: 
PVC Demand Response Model
DR Model Based on a Non-Cooperative Game
The interaction among rational, mutually aware players, where the decisions of some players impact the payoffs of others, is defined as a non-cooperative game. A game, usually denoted by G, is described by its game player, each player's strategies, and the resulting payoffs from each outcome. For example, there are N game players, the set including all the optional strategies of every game player is called strategy spaces, expressed by tS 1 , S 2 . . . , S N u. s nj P S n means the j-th strategy of game player n. u n represents the utility of player n. Non-cooperative game G of N players is expressed as G " tS 1 , S 2, . . . , S N ; u 1 , u 2 , . . . , u N u.
The problem of DR in the PVC is essentially a non-cooperative game for prosumers in pursuit of self-utility maximization. Because the internal buying price given by Equation (4) is a function of the total PVC loads, the utility of every prosumer is related with other prosumers' power consumption. For example, when DSR is small at one point, the internal buying price is relatively low. Prosumers Energies 2016, 9, 536 7 of 17 tend to consume more power in order to promote their utilities. DSR and power cost of this moment both increase because of this power consumption behavior, so every prosumer needs to play the game with others' power consumption arrangement, and searches for the best power consumption. The non-cooperative game of this PVC can be expressed as:
where prosumers are the game players, Y n is the available strategy set for prosumer n, U n is the integral utility function of the prosumer n.
Proof of Nash Equilibrium's Existence and Unique of G PVC
A Nash Equilibrium, named after John Nash, is a set of strategies, one for each player, such that no player has incentive to unilaterally change his/her action [20] . G PVC 's Nash Equilibrium is defined as follows: Definition 1. In the game G PVC " tY 1 , Y 2 , . . . , Y N ; U 1 , U 2 , . . . , U N u, a certain strategy set px1 , x2 , . . . , xNq composed of one strategy for each game player, and strategy xn of any game player n is the best strategy of other game players' strategy combination. That is to say, U n`x1 , . . . , xn´1, xn , xn`1, . . . , xN˘ě U n`x1 , . . . , xn´1, x n , xn`1, . . . , xN˘is true for any x n , px1 , x2 , . . . , xNq is a Nash equilibrium of G PVC .
Theorem 1.
When the utility function is strictly quasi-convex function, unique Nash equilibrium exists in the game [21] .
For the power consumption x n of any prosumer n, there is corresponding power consumption of other prosumers. We use x´n to denote the power consumption of all prosumers except prosumer n. Assuming that while prosumer n adjusts its power consumption according to other prosumers' power consumption, the power consumption of other prosumers x´n. is fixed. Best response of prosumer n can be obtained by solving: maxU n px n , x´nq
As for prosumer n and power consumption of other prosumers, we have:
pr " f pDSRq "´λ buy´λsell¯e´α P PV xn`x´n`λsell (11) Then, the integral utility of prosumer n can be expressed as:
According to (12) , under the circumstances that x´n is fixed, the integral utility of prosumer n is the function of x n . In order to prove that U n is a strict quasi-convex function of x n , the second derivative of U n to x n is needed to be proved less than zero:
buy´λsell¯˜2 αP PV x´n px n`x´n q 3`α 2 P 2 PV x n px n`x´n q 4¸e´α P PV e xn`x´n (13) where k n ą 0, λ buy ą λ sell and α ą 0. It can be obtained that the second derivative of U n to x n is less than zero. Then it can be obtained that U n in the G PVC is a strict quasi-convex function. According to Theorem 1, a unique Nash Equilibrium exists in the G PVC . Obviously, in the strategy combination of the Nash Equilibrium, no prosumer is willing to change its power consumption unilaterally. The game reaches convergence, and the solution of Nash Equilibrium can be regarded as the optimal power consumption of every prosumer.
Nash Equilibrium's Distributed Solution of G PVC
According to Equation (12) , under the condition that power consumptions of other prosumers are fixed, the integral utility of prosumer n is the function of its own power consumption. Combined with Definition 1, it can be obtained that optimal strategy of prosumer n is the optimal respond strategy to other prosumers. When every prosumer has reached the optimal power consumption strategy under other prosumers' power consumption strategy, the Nash Equilibrium of game G PVC is reached.
The calculation process is shown in Algorithm 1, where an iterative method was used to solve the Nash Equilibrium of game G PVC . x 0 is the power consumption corresponding to the utility electricity price λ buy before prosumers participate in the PVC. During the iteration process, PVCO sends the power consumption x´n to prosumer n and receives the optimal power consumption response of prosumer x n . All the prosumers are regarded to reach the Nash Equilibrium when the difference of power consumptions between two successive iterations is lower than ε. Finally, the power consumptions of prosumers at this time period have formed the Nash equilibrium strategy of game G PVC .
Algorithm 1. Distributed solving algorithm
1: x 0 , P PV //initialization 2: while ||x k´xk´1 ||ą ε 3: for n = 1 to N 4: PVCO calculates x´n, and sends it to prosumer n 5: x opt n " max x n U px n , x´nq, uploads x opt n to PVCO 6: end 7: k = k + 1 8: end
In Algorithm 1, PVCO coordinates the power consumption among prosumers. All prosumers get the x´n instead of the power consumption strategy of a single prosumer, which protects their privacy to some extent. Moreover, by using the distribution algorithm, prosumers can autonomously schedule the optimal power consumption through the acquisition of x´n.
Case Study
Basic Data
A PVC including four prosumers is selected for the case study. Typical power consumptions of these prosumers are shown in Figure 5 . Before participating in the PVC, all prosumers consume the power from the utility grid at electricity price λ buy . We assume that they achieve their highest utilities at the price λ buy , and then the parameter k n can be obtained by (7) . The rated capacity of the PV system in the PVC is 700 kWp. The curves of PV energy, total load, and DSR are shown in Figure 6 . According to the feed-in tariff of distributed PV sources in China, λ sell is set as the benchmark price of a coal-fired power unit: 0.4 CNY/kWh. λ buy is set as the electricity price of commercial end users, 1.0 CNY/kWh. The parameter of price model α is set as 1.
As shown in Figures 5 and 6 , the load demand of prosumers is relatively high during the time periods 7-18, and PV energy can provide prosumers with cheap electricity. During time periods 7-10 and 15-18, the load of prosumers is greater than the PV energy, whereas in time periods 11-14, the PV energy is at a surplus. is set as the electricity price of commercial end users, 1.0 CNY/kWh. The parameter of price model α is set as 1.
As shown in Figures 5 and 6 , the load demand of prosumers is relatively high during the time periods 7-18, and PV energy can provide prosumers with cheap electricity. During time periods 7-10 and 15-18, the load of prosumers is greater than the PV energy, whereas in time periods 11-14, the PV energy is at a surplus. 
Local Consumption of PV Energy
In this section, we assume that the power consumption of prosumers cannot be adjusted. In this regard, we can focus on the reasonability of the internal pricing model. By using models (4) and (5), the internal prices of PVC during time periods 7-18 can be calculated, as shown in Figure 7 . According to Figure 6 , in time periods 7-10 and 15-18, there is DSR > 1; in time periods 11-14, there is DSR < 1. Therefore, in Figure 7 , the tendency of internal prices can be divided into three phrases. First, in time periods 7-10, as the DSR (DSR > 1) gradually reduces with the increased PV energy, the internal buying price goes down and the internal selling price rises. Furthermore, in time periods 11-14, as the DSR (0 < DSR < 1) slowly reduces with the variation of PV energy and load demand, the internal buying price and selling price both go down with the DSR. Finally, in time periods 15-18, as the DSR (DSR > 1) gradually increases with the decreased PV energy, the internal buying price rises, but the internal selling price goes down. For all the time periods, the internal prices have always been conformed to the constraint ≤ ≤ ≤ . Moreover, the integral utilities of prosumers and the benefit of PVCO can be obtained based on the internal prices and original power consumptions, as shown in Figures 8 and 9 . The results show that the internal prices of PVC are able to increase the integral utilities of all prosumers and the benefit of the PVCO, even if the prosumers have no flexible loads or battery storage systems. 
In this section, we assume that the power consumption of prosumers cannot be adjusted. In this regard, we can focus on the reasonability of the internal pricing model. By using models (4) and (5), the internal prices of PVC during time periods 7-18 can be calculated, as shown in Figure 7 . According to Figure 6 , in time periods 7-10 and 15-18, there is DSR > 1; in time periods 11-14, there is DSR < 1. Therefore, in Figure 7 , the tendency of internal prices can be divided into three phrases. First, in time periods 7-10, as the DSR (DSR > 1) gradually reduces with the increased PV energy, the internal buying price goes down and the internal selling price rises. Furthermore, in time periods 11-14, as the DSR (0 < DSR < 1) slowly reduces with the variation of PV energy and load demand, the internal buying price and selling price both go down with the DSR. Finally, in time periods 15-18, as the DSR (DSR > 1) gradually increases with the decreased PV energy, the internal buying price rises, but the internal selling price goes down. For all the time periods, the internal prices have always been conformed to the constraint λ sell ď pr PV ď pr ď λ buy . but the internal selling price goes down. For all the time periods, the internal prices have always been conformed to the constraint ≤ ≤ ≤ . Moreover, the integral utilities of prosumers and the benefit of PVCO can be obtained based on the internal prices and original power consumptions, as shown in Figures 8 and 9 . The results show that the internal prices of PVC are able to increase the integral utilities of all prosumers and the benefit of the PVCO, even if the prosumers have no flexible loads or battery storage systems. Moreover, the integral utilities of prosumers and the benefit of PVCO can be obtained based on the internal prices and original power consumptions, as shown in Figures 8 and 9 . The results show that the internal prices of PVC are able to increase the integral utilities of all prosumers and the benefit of the PVCO, even if the prosumers have no flexible loads or battery storage systems. In order to verify that the internal pricing model can guarantee the economic balance of the PVC, the total power consumption of prosumers, PV energy, total power purchase fee, the benefit of PVCO, and NEC are shown in Table 1 . The results show that the total power purchase fees of prosumers always equals the sum of the PVCO's benefit and NEC. In order to verify that the internal pricing model can guarantee the economic balance of the PVC, the total power consumption of prosumers, PV energy, total power purchase fee, the benefit of PVCO, and NEC are shown in Table 1 . The results show that the total power purchase fees of prosumers always equals the sum of the PVCO's benefit and NEC. 
Analysis of DR
In this section, we assume that every prosumer has the ability to adjust its power consumption according to the internal prices. By using Algorithm 1, iterative processes of the prosumers are shown in Figure 10 .
The results show that the iterative process of each prosumer can be completed within 5 generations with high efficiency. Before and after the DR, the comparisons of the internal prices and prosumers' utilities in time periods 7-18 are shown in Figures 11 and 12, 
In this section, we assume that every prosumer has the ability to adjust its power consumption according to the internal prices. By using Algorithm 1, iterative processes of the prosumers are shown in Figure 10 . The results show that the iterative process of each prosumer can be completed within 5 generations with high efficiency. Before and after the DR, the comparisons of the internal prices and prosumers' utilities in time periods 7-18 are shown in Figures 11 and 12 , respectively. In Figure 11 , the results show that the internal prices are increased with the DR of prosumers, due to the incentive of cheap PV energy supply. As the PV energy is constant, the DSR is increased with the total power consumption of prosumers. Thus, the internal buying price will be increased accordingly. Moreover, for the PVCO, the internal selling prices would be maximized when the DSR is getting close to 1. Thus, when in time periods 7-10 and 15-18 (DSR > 1), the internal selling price goes down with the increased DSR. In contrast, in time periods 12-14 (DSR < 1), the internal selling price rises with the increased DSR. In Figure 11 , the results show that the internal prices are increased with the DR of prosumers, due to the incentive of cheap PV energy supply. As the PV energy is constant, the DSR is increased with the total power consumption of prosumers. Thus, the internal buying price will be increased accordingly. Moreover, for the PVCO, the internal selling prices would be maximized when the DSR is getting close to 1. Thus, when in time periods 7-10 and 15-18 (DSR > 1), the internal selling price goes down with the increased DSR. In contrast, in time periods 12-14 (DSR < 1), the internal selling price rises with the increased DSR.
In order to analyze the change of utilities after the prosumers participate in DR, difference values of prosumers' utilities in each time period are shown in Figure 12 . The results show that the utilities of prosumers have been reduced in time periods 7-10 and 15-18 (DSR > 1), whereas they increased in time periods 12-14 (DSR < 1). This is an interesting result, and the reason is that when DSR > 1, the non-cooperative game will push prosumers to consume more energy, and thus increase the internal buying price. Although more power consumption can accordingly increase the utilities of prosumers, the increment of internal buying price has a greater negative influence on their integral utilities. Moreover, in time periods 12-14 (DSR < 1), even though the internal buying price has been increased with the power consumptions of prosumers, their utilities still can be increased with more consumptions in general. In order to analyze the change of utilities after the prosumers participate in DR, difference values of prosumers' utilities in each time period are shown in Figure 12 . The results show that the utilities of prosumers have been reduced in time periods 7-10 and 15-18 (DSR > 1), whereas they increased in time periods 12-14 (DSR < 1). This is an interesting result, and the reason is that when DSR > 1, the non-cooperative game will push prosumers to consume more energy, and thus increase the internal buying price. Although more power consumption can accordingly increase the utilities of prosumers, the increment of internal buying price has a greater negative influence on their integral utilities. Moreover, in time periods 12-14 (DSR < 1), even though the internal buying price has been increased with the power consumptions of prosumers, their utilities still can be increased with more consumptions in general.
Having insight into this result, when the PV energy is at a surplus, it seems more appropriate to use DR, and thus the integral utilities of prosumers and the benefit of PVCO can be improved simultaneously. Whereas the PV energy is insufficient, a vicious competition among prosumers will eventually decrease the prosumers' integral utilities and the benefit of PVCO. In order to avoid the vicious competition, the DR can be conditionally used during the time periods of DSR < 1, only if the internal prices are lower than a certain value.
Sensitivity Analysis of α
According to the analysis of Section 3.2, α is defined as the adjustment parameter for deciding the price level. That is, the PVCO can use α to adjust the internal prices according to different circumstances. Generally, when DSR is constant, the greater α, the lower the internal prices are. For both benefits of prosumers and PVCO, they need to negotiate for the setting. Thus, we assume that α is 0.5 and 1, the internal prices and the integral utilities of prosumers are shown in Figures 13 and 14 .
In Figures 13 and 14 , the results of internal prices are consistent with the analysis of α shown in Figure 3 . If α = 0.5, the internal prices are more beneficial to the PVCO. Otherwise, if α = 1, the internal prices are more beneficial to the prosumers. From the basic design principles of the internal pricing model, any value of α in the internal of (0,1] is reasonable, which can be beneficial to both prosumers and PVCO, as compared to trading with the utility grid. However, the different value of α can lead to a different benefit distribution of the produced PV energy. In practical applications, we think it is important to consider the contributions to investment in PV systems. If the PVCO invests in all the PV systems, it is apparent that the α value should be set to a smaller value to increase the Return of Investment (ROI). Considering the feed-in-tariff, utility electricity price, and the investment cost in China [22] , we think it is reasonable to set the α between 0.5 and 0.3, and thus the ROI period would be 6-8 years. This is a decent result for investors in renewable energy.
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vicious competition, the DR can be conditionally used during the time periods of DSR < 1, only if the internal prices are lower than a certain value.
Sensitivity Analysis of
According to the analysis of Section 3.2, α is defined as the adjustment parameter for deciding the price level. That is, the PVCO can use α to adjust the internal prices according to different circumstances. Generally, when DSR is constant, the greater α, the lower the internal prices are. For both benefits of prosumers and PVCO, they need to negotiate for the setting. Thus, we assume that α is 0.5 and 1, the internal prices and the integral utilities of prosumers are shown in Figures 13 and 14 . 
Conclusions
In this paper, we have proposed a multi-party energy management for PV clusters of leased-roof prosumers. According to the economic principle of demand and supply, we have formulated a dynamic internal pricing model for the PVCO and prosumers. We have shown that the internal pricing model can simultaneously promote the integral utilities of prosumers and the benefit of PVCO. Moreover, if the prosumers have flexible load or battery energy storage system resources, the DR can be used in the PVCO to improve the local consumption of PV energy. We have formulated the DR problem in the PVC as a non-cooperative game among prosumers, and proved the existence and uniqueness of the Nash Equilibrium. We have also shown that the DR is effective when the PV energy is at a surplus.
Finally, we have investigated the sensitivity of the adjustment parameter of the price level. According to China's energy policy and the cost of investment, a reasonable value for α to be set is between 0.5 and 0.3.
The proposed work can be extended in various ways. For instance, if pure consumers, which have no roofs for leasing, would like to participate in the PVC, the pricing model should be discriminated [23] , since their contributions to the PVC are not as obvious as those of the roof-leasing prosumers. Furthermore, we can also discuss the crowdfunding model for PV systems. Although the consumers cannot offer their roofs for leasing, they can still participate in the PVC by a crowdfunding mechanism of investment. Another interesting extension is the sizing and energy management of battery storage systems. For the PVC, the battery storage can be configured centralized with the PVCO or distributed with each prosumer. The effectiveness and the related energy management strategies need to be investigated in the future.
Finally, by substituting (16) into (14) , the function of internal selling price can be formulated as:
pr " f pDSRq "´λ buy´λsell¯e´α DSR`λ sell (A4) Considering the economical balance requirement of the PVC, we can deduce the PV power selling price pr PV based on internal price pr.
If 0 ď DSR ď 1, the PVCO needs to sell the surplus PV energy to the utility grid at the price of λ sell , and the economic balance can be described as: ÿ N n"1 x n¨p r`´P PV´ÿ N n"1 x n¯λ sell " P PV¨p r PV (A5)
By substituting (3) into (A5), we can deduce the pr PV as:
Otherwise, if DSR ą 1, the PVCO needs to buy the energy from the utility grid at the price of λ buy , and the economic balance can be described as: 
By substituting (3) into (A7), we can deduce the pr PV as:
Finally, the function of PV power selling price can be formulated as:
pr PV " g pDSRq " # pr¨DSR`λ sell p1´DSRq , 0 ď DSR ď 1 pr¨DSR´λ buy pDSR´1q , DSR ą 1 (A9)
